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19 Abstract 
20 Graphitic carbon nitride, as a popular material in the field of environmental remediation, still 
21 suffers from unsatisfactory performance for heavy metals adsorption owing to lack of specific 
22 adsorption sites. In this study, molybdenum (Mo) and sulphur (S) were simultaneously introduced 
23 onto the surface of oxygen-doped graphitic carbon nitride (OCN) for the enhancement of Cd2+ 
24 adsorption. The synthesized MOS/OCN-1 exhibited substantially increased maximum adsorption 
25 capacity of 293.8 mg/g, calculated from Sips isotherm model, which was 8.7 times higher than that 
26 for pristine OCN (33.9 mg/g). The adsorption efficiency of MOS/OCN-1 was >94% even under high 
27 concentration of coexisting ions (ie. Ca2+, Mg2+ and Zn2+). MoO3 and MoS2 on the surface of OCN 
28 were proven to interact with Cd2+ by forming CdMoO4 and CdS species. OCN provided a stable matrix 
29 with a large surface area making more active sites exposed, which greatly facilitated Mo(IV) 
30 oxidation and Cd2+ precipitation. Our findings revealed that as well as the well-known Cd-S 
31 interaction, Mo atoms in the hybrid composites also played an important role in Cd2+ removal, which 
32 opened up the application possibility of OCN with Mo and S hybridization for in-situ Cd2+ 
33 remediation. 
34 Keywords: Cadmium adsorption; graphitic carbon nitride; heavy metals removal; molybdenum 
35 compound; nano material
36
37 1. Introduction
38 Over the past decades, cadmium (Cd2+) contamination of farmland and natural waters has 
39 been of increasing concern due to its high toxicity and persistence [1, 2]. In some cases, 
40 contamination has led to deleterious effects on the human health, including reproductive disorder, 
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41 liver damage or carcinogenicity, when cadmium, even at trace concentrations, entered into human 
42 bodies through the food web [1, 3-6]. Adsorption has long been considered as a promising method 
43 for the remediation of Cd2+ polluted soils and waters due to its characteristics of low cost, high 
44 efficiency and simple operation when compared with other techniques such as flocculation, 
45 membrane filtration, biological remediation and electrochemical treatment [2, 7]. Hence, in order 
46 to ensure food and drinking water safety, the exploration of efficient adsorbents for Cd2+ removal is 
47 an urgent need.  
48 Graphitic carbon nitride (g-C3N4) is a carbon based material with graphene-like structure, 
49 which has attracted much attention for the degradation of organic pollutants due to its 
50 semiconductor properties, long-term stability and environmental friendliness [8]. Several studies 
51 have also proven the efficacy of bulk g-C3N4 for the removal of heavy metals, e.g. Cd(II), Pb(II), Cu(II), 
52 Ni(II) and Cr(VI), but only modest adsorption capacities have been achieved [6, 9, 10], since the 
53 relative less active sites of bulk g-C3N4 hinder the achievement of higher adsorption efficiency [11]. 
54 In order to improve the adsorption ability towards heavy metals, several studies attempted to 
55 introduce new active sites onto the bulk g-C3N4. Zou et al [12] modified β-cyclodextrin on g-C3N4 
56 and the synthesized compounds exhibited a significantly improved adsorption capacity towards Pb2+ 
57 due to the induced oxygen-containing groups. Wang et al [13] decorated g-C3N4 with 
58 polyethyleneimine in order to increase the number of functional groups (C-C, C-O, N-C=C, etc), and 
59 the modified material performed superior complexation of U(VI) and Am-243(III). Moreover, 
60 enlarging the surface area of the adsorbent may further enhance the adsorption capacity by 
61 providing additional adsorption sites. Qiu et al [14] reported that the oxygen-doping of graphic 
62 carbon nitride (OCN) could substantially increase the surface area of g-C3N4 and facilitate the 
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63 adsorption of organic pollutants. However, OCN hasn’t yet been tested for the adsorption of heavy 
64 metals. We hypothesize that modification of OCN by inclusion of active groups might overcome the 
65 challenges of limited adsorption active sites and surface area, enabling more effective Cd2+ removal.
66 It is well known that S2-/-HS are effective groups for the capture of heavy metals due to strong 
67 soft-soft interactions with heavy metals according to Pearson’s theory [15, 16]. MoS2, as one of the 
68 typical molybdenum compounds with a large amount of intrinsic sulphur, has been proven to be a 
69 promising adsorbent for the removal of Hg2+ [17, 18], Pb2+ [19], and Cd2+ [20]. Intensive studies have 
70 shown that disulphide (S-S) planes in MoS2 are active, and that S2- can act as soft base to form M-S 
71 complex with Hg/Pb/Cd soft acid through electron interaction and covalent bonding [17, 18, 20]. As 
72 a comparison, the direct effects and mechanisms of Mo atoms on Cd2+ adsorption are rarely 
73 investigated. Several studies demonstrated that MoS2 is thermodynamically unstable in the aerobic 
74 and high moisture conditions, where Mo(IV) is likely to be oxidized to Mo(VI), such as MoO3 [21, 
75 22]. The oxidized Mo(VI) has been demonstrated to be able to immobilize Pb2+/Hg2+ by forming 
76 PbMoO4 or a Mo-O-Hg complex [23, 24]. Since the similar soft-acidic property of Cd2+ is shared by 
77 Hg2+ and Pb2+, different valencies of Mo may also influence the adsorption behaviour for Cd2+. Thus, 
78 these mechanisms, particularly the possibly synergistic effects of Mo and S, for improving Cd2+ 
79 removal are in need of investigation.
80 In this study, we prepared oxygen-doped graphitic carbon nitride (OCN) and then 
81 simultaneously introduced Mo and S on the surface via a facile hydrothermal method, to produce 
82 the hybrid adsorbent (MOS/OCN) which was considered suitable for Cd2+ removal. In order to 
83 evaluate the enhanced Cd2+ adsorption performance, MOS/OCN was optimized and the adsorption 
84 capacity was compared to pristine OCN, MoS2 and other published adsorbents. The adsorption 
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85 kinetics and isotherm were evaluated to address the adsorption behaviours of Cd2+. The anti-
86 interference ability of MOS/OCN was also investigated under the coexistence of competitive ions, 
87 i.e. Ca2+, Mg2+ and Zn2+, during Cd2+ removal. Lastly, in order to elucidate the adsorption mechanisms 
88 of Cd2+, the effects of Mo (IV /VI) and S atoms on the Cd2+ adsorption process were further assessed. 
89 With these results, this study aims to suggest a new effective adsorbent for Cd2+ removal with an 
90 explanation of fundamental mechanisms involved. 
91 2. Materials and Methods
92 2.1 Reagents
93 Urea (>99%), oxalic acid dehydrate (≥99.5%), ammonium molybdate tetrahydrate ((𝑁𝐻4)6
94 , >99%), thiourea (> 99%) and metal nitrate (Cd(II), Zn(II), Mg(II), Ca(II), > 99%) were 𝑀𝑜7𝑂24·4𝐻2𝑂
95 purchased from Sinopharm Chemical Regent Co. Ltd. N, N-Dimethylformamide (DMF, > 99.8%) was 
96 obtained from J&K Chemical Reagent Co., Ltd. Deionized water was used in all experiments.
97 2.2 Synthesis of Adsorbents
98 2.2.1 Synthesis of oxygen-doped graphitic carbon nitride (OCN)
99 The OCN was synthesized according to Qiu et al, 2017 [14] with slight modification. Briefly, 
100 urea (10 g) and oxalic acid dehydrate (4 g) were mixed by grinding in a mortar. The mixture powder 
101 was then transferred into a quartz boat and calcined at 550°C for 4 h with a heating rate of 3°C /min 
102 in an atmosphere of N2. 
103 2.2.2 Synthesis of MOS/OCN-x hybrid composites 
104 Firstly, OCN (80 mg) was added into pre-mixed solution composed of DMF (64 mL) and 
105 deionized water (16 mL) and sonicated for 1 h to form a homogeneous solution. Then, a required 
106 amount of  and thiourea were added into this mixed solution and stirred at (𝑁𝐻4)6𝑀𝑜7𝑂24 ∙ 4𝐻2𝑂
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107 60°C for 30 min to ensure those reagents were totally dissolved. The molar ratio of (𝑁𝐻4)6𝑀𝑜7𝑂24
108  and thiourea was kept in constant of 1:30. The mixture was further sonicated for 1h and ∙ 4𝐻2𝑂
109 then transferred into 100 mL Teflon stainless steel autoclave and heated to 180°C for 18 h. After 
110 cooling down to ambient temperature, the solid samples were collected by centrifugation and 
111 washed sequentially three times with deionized water and absolute ethyl alcohol. Finally, the solid 
112 was dried at 60°C for 12 h in the vacuum oven. The ultimate sample was denoted as MOS/OCN-x, 
113 where x equalled to 0.5, 1, 2 and 4 when the mass ratio of  to OCN was (𝑁𝐻4)6𝑀𝑜7𝑂24 ∙ 4𝐻2𝑂
114 0.5:1, 1:1, 2:1 and 4:1, respectively. Molybdenum disulphide, named as MOS-DMF, was also 
115 prepared by this procedure but without addition of OCN. 
116 2.2.3 Synthesis of MoO3/OCN
117 The pure MoO3 was prepared via a facile hydrothermal reaction, according to Liu et al., 2016 
118 [25]. Then, a required amount of MoO3 powder, of which the total Mo was equal to that of 
119 MOS/OCN-1 was ground with OCN (80 mg) by mortar and pestle for 30 min and added into solution 
120 composed of DMF (64 mL) and H2O (16 mL) for further sonication treatment (1 h). The mixed 
121 solution was transferred into 100 mL Teflon-lined autoclave and heated to 180°C for 18 h. The 
122 synthesized MoO3/OCN solid was then collected and dried under vacuum at 60°C. 
123 2.3 Adsorption experiments
124 In order to determine the optimal composition of MOS/OCN, the Cd2+ adsorption capabilities 
125 by MOS/OCN-x (x=0.5, 1, 2, 4), MOS-DMF, and OCN were evaluated. In the adsorption experiment, 
126 adsorbent (5 mg) was added into Cd2+ solution (20 mL) with an initial concentration of 20 mg/L. The 
127 mixture was then agitated at 130 rpm for 24 h under 25°C. The solution pH was kept at 6.0 ± 0.2 by 
128 adding 0.1 M HNO3 or 0.1 M NaOH. After the reaction, 3 mL supernatant was collected and filtered 
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129 through 0.22 μm pore size membrane for determination of Cd2+ concentration. 
130 The optimal MOS/OCN-1 was further utilised in the Cd2+ removal kinetics and isotherm 
131 experiments in order to evaluate adsorption behaviours. For the kinetics experiment, dosages of 
132 0.25 g/L MOS/OCN-1, MOS-DMF, and OCN were separately added to Cd2+ solution (20 mg/L, 20 mL) 
133 at constant pH (6.0 ± 0.2) and temperature (25°C). During the experiment, the suspensions were 
134 collected from 0-36 h to determine the Cd2+ concentration. Pseudo-first order, pseudo-second order 
135 and intraparticle diffusion models were used to simulate experimental data (Supporting Information, 
136 S1). The adsorption isotherm study was further performed to determine the maximum Cd2+ 
137 adsorption capacity. Briefly, MOS/OCN-1, MOS-DMF, and OCN (each 5 mg) were separately added 
138 into Cd2+ solution (20 mL) with initial concentrations of 15-600 mg/L at pH 6.0 ± 0.2 and 25 °C. After 
139 24 h, the supernatant was taken for analysis of Cd2+ concentration. Langmuir, Freundlich and Sips 
140 isotherm models were conducted to simulate the experimental data (Supporting Information, S1). 
141 The Cd2+ removal efficiency and the adsorption capacity were calculated as followings:
142  (1)𝜂 = (𝐶0 ― 𝐶𝑒)𝐶0 × 100%
143 (2)𝑞𝑒 = (𝐶0 ― 𝐶𝑒) ×  𝑉𝑚
144 Where (%) is Cd2+ removal efficiency,  and are the initial and equilibrium concentration of Cd2+ in η 𝐶0 𝐶𝑒 
145 solution (mg/L), respectively.  (mg/g) is Cd2+ adsorption capacity in equilibrium state, is the volume of 𝑞𝑒 𝑉 
146 Cd2+ solution and m is the mass of adsorbents.
147 In order to evaluate the effect of pH on the Cd2+ adsorption by the optimal adsorbent 
148 MOS/OCN-1, the adsorption capacity was determined under different pH values of 2, 3, 4, 5, and 6 
149 with an initial Cd2+ of 20 mg/L. In addition, the effect of competing cations on Cd2+ adsorption was 
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150 also evaluated. During the adsorption experiment, the ions Ca2+, Mg2+, and Zn2+, at concentrations 
151 of 0, 10, 50, and 100 mg/L were added separately into the Cd2+ solutions (10 mg/L) and the finial 
152 Cd2+ was analyzed. To further confirm the selectivity and anti-interference ability of MOS/OCN-1 
153 towards Cd2+, the mixed solution contained Cd2+, Ca2+, Mg2+ and Zn2+ in which each cation ion was 
154 10 mg/L, was treated by MOS/OCN-1 (0.25 g/L) followed the same procedure of the adsorption 
155 experiment. The remnant cation ions were determined after 24 h for the further removal efficiency 
156 and distribution coefficient calculation. The distribution coefficient Kd (mL/g), a measurement of 
157 affinity and selectivity [26] for each cation ions was calculated according to Equation (3)：
158 (3)𝐾𝑑 = 𝑉𝑚(𝐶0 ― 𝐶𝑓)𝐶𝑓  
159 Where C0 and Cf (mg/L) represent the initial and equilibrium concentrations of the ions, V is the solution 
160 volume (mL) and m (mg) is the mass of adsorbent.
161  To investigate the reusability of the adsorbent, the Cd2+ loaded MOS/OCN-1 was used for the 
162 Cd2+ desorption and re-adsorption experiments. To initiate the desorption process, HNO3 (250 mL, 
163 0.1M) were added to the residue adsorbent solid (62.5 mg) and mixture was then shaken at 130 
164 rpm at 25°C for 2h. At the end of the desorption test, the residue MOS/OCN-1 was collected and 
165 dried at 60 ℃ for 24 h for the further re-adsorption study. The re-adsorption test was performed 
166 in 50 mL centrifuge tubes contained MOS/OCN-1 (0.25g/L) and Cd2+ solution (10 mg/L) with pH kept 
167 at 6. The Cd2+ concentration was determined after each adsorption-desorption cycle.
168 To further discover how different valencies of Mo atoms may affect Cd2+ adsorption, the 
169 removal efficiency of Cd2+ by MoO3/OCN was compared with MOS/OCN-1. The adsorbent dosage, 
170 initial Cd2+ solution and environmental conditions were the same as previously described. All the 
171 aforementioned adsorption experiments were conducted in duplicate and each sample analysis was 
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172 conducted in triplicate.
173 2.4 Sample analysis
174 2.4.1 Water samples analysis
175 All water samples were filled through a 0.22 µm cellulose acetate membrane and acidized by 
176 1% HNO3 before analysis. The concentration of Cd2+, the leached MoO42- and dissolved total S in the 
177 filtrate was determined by inductively coupled plasma-optical emission spectrometer (ICP-OES; 
178 Optima 8300, Perkin Elmer Inc., USA) with a detection limit of 0.2 mg/L. It should be noted that the 
179 inductively coupled plasma-mass spectroscopy (ICP-MS; 7500a, Agilent Inc. USA) was used to 
180 confirm the results when the concentration level below 0.2 mg/L. 
181 2.4.2 Adsorbents characterization 
182 The adsorbent structure and crystal phase were recorded by X-ray diffraction (XRD) patterns 
183 using a PANalytical X’Pert PRO powder diffraction system (Malvern Panalytical, Cambridge, UK) with 
184 Cu Kα radiation (λ=1.5418Å) and scanning speed of 5°/min from 5°-90°/2θ. The morphology of 
185 adsorbents was examined by field emission scanning electron microscopy (FESEM; Su-8020, Hitachi, 
186 Japan) with an acceleration voltage of 35 kV. X-ray photoelectron spectroscopy data (XPS; 
187 SCALAB250Xi, Thermo Fisher Scientific, USA) was collected with a monochromatic Al Kα radiation 
188 source (1486.6 eV). The specific surface areas of the original synthesized adsorbents were detected 
189 according to the Brunauer-Emmett-Teller (BET) method (Micromeritics ASAP 2020 Analyzer, Mack 
190 instruments, Inc., USA). Before BET measurement, the samples were degassed at 80°C for 6 h. 
191 Moreover, the characteristics of the surface functional groups presented on the adsorbents were 
192 investigated on a Fourier transform infrared spectra (FTIR; Nicolet 8700, Thermo Fisher Scientific, 
193 USA) with the wavenumber of 4000-400 cm-1.
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194 3. Results and discussion 
195 3.1 Characterization and optimization of adsorbents
196 After synthesis, the XRD patterns of MOS/OCN-x, MOS-DMF, and OCN were analyzed (Fig. 1a). 
197 The original OCN exhibited clear diffraction peak at 2θ= 27.2° ascribed to the (002) plane of g-C3N4 
198 [14]. The peak intensity decreased along with the increased mass of Mo and S hybridization 
199 (increased x value) for MOS/OCN-x, which was attributed to relatively low content of OCN. For MOS-
200 DMF, the two peaks at 9.34° and 18.44° represented (001) and (002) plane of MoS2 , which were 
201 split from the pristine (002) plane of 14.13°, suggesting that the new lamellar structure had been 
202 formed due to relatively low hydrothermal temperature at 180°C [27, 28]. Two other peaks at 32.87° 
203 and 57.71° can be indexed to the (100) and (110) planes of MoS2 (JCPDS card No. 075-1539), 
204 respectively. Therefore, MoS2 was confirmed to be the main composition of MOS-DMF. Besides 
205 characteristic peaks of MoS2, peaks attributable to the (310) and (430) planes of MoO3 (JCPDS card 
206 no. 21-0569) emerged in the hybrid composite of MOS/OCN-x and became more obvious when x 
207 decreased to 0.5 or 1, which probably because the moderate content of OCN presented in that 
208 material and facilitated the transformation of MoS2 to MoO3 during synthesis process. Therefore, it 
209 is suggested that both MoS2 and MoO3 coexisted on the OCN surface in compounds MOS/OCN-x, 
210 especially when x < 2, while MOS-DMF mainly comprised MoS2.
211 OCN exhibited much higher BET surface area (74.4 m2/g) than MOS-DMF (24.7 m2/g). 
212 Corresponding with the increasing incorporation of Mo and S onto OCN, the surface areas of these 
213 adsorbents significantly decreased from 74.8 m2/g for MOS/OCN-0.5 to 21.8 m2/g for MOS/OCN-4 
214 (Table S1). Conventionally, a large specific surface area of an adsorbent could potentiate the 
215 removal abilities by providing more reaction sites [29]. In this study, this was supported by the 
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216 results that the adsorption capacity decreased from 68.0 mg/g for MOS/OCN-1 to 24.3 mg/g for 
217 MOS-DMF with commensurate decreases in BET surface area (Fig.1b). However, OCN and 
218 MOS/OCN-0.5 showed unsatisfactory adsorption performances although both of them exhibited 
219 high specific surface areas. The limited adsorption capacities of OCN and MOS/OCN-0.5 probably 
220 resulted from the lack of sufficient active species, such as Mo and S. Thus, the synergistic effects of 
221 both the specific surface area and the number of active sites contributed to effective Cd2+ removal. 
222 By control of the hybridization amount of Mo and S on the surface of OCN, the synthesized 
223 adsorbent MOS/OCN-1 possessed the largest Cd2+ adsorption capacity and was thus selected as the 
224 optimum adsorbent.
225 Differing morphologies of MOS-DMF and MOS/OCN-1 were also observed. The FESEM images 
226 of MoS2-DMF showed MoS2 nanoparticles stacked layer by layer, exhibiting severe agglomeration 
227 (Fig.S1a). However, for MOS/OCN-1, the edge of the hybrid composite became wrinkled and several 
228 nanosheets of MoS2 and MoO3 erected separately (Fig. S1b), which indicated that OCN might 
229 effectively retard the agglomeration of active particles, thus possibly leading to the exposure of 
230 more suitable active sites and further enhancement of Cd2+ removal. 
231
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232 Fig. 1. (a) XRD patterns of synthesized adsorbents of MOS/OCN-x, MOS-DMF, and OCN; (b) Cd2+ adsorption 
233 capacities of MOS/OCN-x, MOS-DMF and OCN. Experimental conditions: adsorbents dosage=0.25 g/L, initial 
234 Cd2+= 20 mg/L, pH=6.0, reaction time=24 h, temperature=25°C. 
235 XPS spectra was collected to further investigate the surface properties of the synthesized 
236 adsorbents (Fig. 2 and Table S2). MOS/OCN-1 was used to illustrate the typical spectra acquired 
237 from analyses of MOS/OCN-x. The peak at 286.4 eV in C1s of MOS/OCN-1 (Fig.S2a) could be assigned 
238 to C-O groups [30], which resulted from partial substitution of O atoms for N atoms in g-C3N4 [14]. 
239 In comparison, the C-O peak can be neglected in MOS-DMF due to lack of OCN in that material. The 
240 peak of Mo-C (284.2 eV) or Mo-N (394.8 eV) [31] cannot be found in MOS/OCN-1. However, when 
241 compared to pure OCN and physical mixed MoS2+OCN, the slightly shift of N-C=N and C-N-H groups 
242 to lower binding energies accompanied with negative shift of Mo 3p occurred in MOS/OCN-1 (Fig. 
243 S2b-c). The results suggest that hydrogen bonding between OCN and Mo, S species rather than a 
244 strong chemical interaction, probably existed in the heterogenous interface. Typical peaks due to 
245 both Mo(IV) (229.0 eV and 232.84 eV) from MoS2 and Mo(VI) (229.7 eV and 235.84 eV) from MoO3 
246 [25, 32, 33] were found in MOS/OCN-1 (Fig. 2a), which confirmed the coexistence of MoS2 and MoO3. 
247 MoO3 was likely formed by oxidization of MoS2 on the surface of oxygen-rich OCN after Mo and S 
248 hybridization, a hypothesis supported by the clearly larger peak area of MoO3 (530.9 eV) [18] in 
249 Fig.2c. As a result of MoS2 oxidization, the peak at 168.6 eV corresponding to SO32- [34] was also 
250 observed in MOS/OCN-1 (Fig. 2b). Compared with MOS/OCN-1, much lower intensity of SO32- and 
251 MoO3 peaks were observed in MOS-DMF when OCN was not included during the synthesis of 
252 adsorbent (Fig. 2e-f). Moreover, Mo(VI) content in the absorbents (Table S2) showed a positive 
253 correlation with Cd2+ adsorption capacity (Fig. 1b). Previous studies have demonstrated that Mo(VI) 
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254 also positively influenced the immobilization of other heavy metals, such as Pb2+ and Hg2+ [23, 24]. 
255 Hence, Mo atoms and the oxidization phenomenon may be key factors in influencing Cd2+ 
256 adsorption. 
257
258 Fig. 2. XPS spectra of MOS/OCN-1: Mo 3d (a), S 2p (b) and O 1s (c). MOS-DMF: Mo 3d (d), S 2p (e) and O 1s 
259 (f).
260 3.2 Adsorption kinetics and isotherms
261 MOS/OCN-1, as the optimum Cd2+ adsorbent, was selected to conduct Cd2+ adsorption kinetics 
262 study and the results were compared with those using OCN and MOS-DMF (Fig. 3a). All three 
263 adsorbents shown rapid adsorption rate during the initial stage within 10 mins but all subsequently 
264 slowed down until an equilibrium was reached by 24 h. Pseudo-first order model and pseudo-
265 second order model were initially applied to simulate the kinetic data (Fig.3a and Fig.S3) and the 
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266 related parameters were listed in Table S3. The adsorption processes of all three adsorbents were 
267 better fitted to the pseudo-second order model (R2>0.99), which supported the premise that 
268 adsorption process was dominated by chemisorption [35]. It is clear that MOS/OCN-1 performed 
269 the highest capacity of 62.5 mg/g, followed by MOS-DMF (22.7 mg/g) and OCN (11.45 mg/g).
270 The results from an intraparticle diffusion model simulation (Fig. 3b) indicated that, besides 
271 chemisorption, diffusion processes, especially intraparticle diffusion, may also affect the Cd2+ 
272 adsorption rate on a solid solution interface. Data from all three adsorbents could be fitted into a 
273 multi-linear plot (Fig. 3b) where the first, second and third plot portions could be ascribed to bulk 
274 diffusion, intraparticle diffusion and final equilibrium, respectively [20, 36]. The slope of second plot  
275 was lower than that of the initial stage, indicating that intraparticle diffusion had slowed down, 
276 probably due to lower Cd2+ concentration after rapid boundary layer diffusion [36]. The ki2 value of 
277 MOS/OCN-1 (0.32 mg/ g·min1/2) was higher than that of MOS-DMF (0.29 mg/g·min1/2) and OCN (0.07 
278 mg/g·min1/2), which can be explained by the greater dispersion of MoS2 and MoO3 nanosheets on 
279 the surface of OCN in MOS/OCN-1, thus inducing more favourable contact of Cd2+ with interlayer 
280 active sites. It should be noted that both the first and second linear segments (Fig. 3b) did not pass 
281 through the origin, indicating that intraparticle diffusion was not the only rate-controlling step [20, 
282 36] and that both surface chemical interaction and boundary layer control could have also 
283 potentially affected the adsorption process.
284 The equilibrium adsorption capacity initially increased rapidly and then gradually reached 
285 saturation with increasing equilibrium concentration of Cd2+ (Fig. 3c). Langmuir, Freundlich and Sips 
286 isotherm models (Supplementary Information S1) were applied to fit the equilibrium adsorption 
287 data in order to further investigate Cd2+ adsorption behaviour. It was obvious that the Sips isotherm 
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288 model possessed the best overall fit of the experimental data (R2 0.95) for MOS/OCN-1, MOS-≥
289 DMF and OCN (Table S4). Since the Sips model is a combination of the Langmuir and Freundlich 
290 models, the best fitting result with 1/n not close to unity indicated that the surfaces of the three 
291 adsorbents were heterogenous [37]. For MOS-DMF and MOS/OCN-1, the heterogeneous surface 
292 probably derived from multiple sites (Mo and S) active towards Cd2+, while for OCN the 
293 heterogenous surface might originate from pores resulting from overlapping layers [20]. By 
294 calculating the maximum adsorption capacity according to the Sips isotherm equation, MOS/OCN-
295 1 exhibited the highest maximum adsorption capacity of 293.8 mg/g, which was 2.1 times and 8.7 
296 times higher than MOS-DMF and OCN, respectively. Additionally, MOS/OCN-1 showed better Cd2+ 
297 adsorption performance when comparing with the adsorption capacity (9.9-205 mg/g) of other 
298 carbon-based materials or hybridized composites (Table 1). By considering the relatively low cost of 
299 MOS/OCN-1 (4,970 $/kg Cd removal) compared with other materials (4,159-35,261 $/kg Cd removal) 
300 (Table S5), it can be concluded that MOS/OCN-1 can act as a low-cost and high-efficiency adsorbent 
301 for Cd2+ remediation. 
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302
303 Fig. 3. Cd2+ adsorption kinetics fitted with the pseudo-second order model (a) and intraparticle diffusion 
304 model (b). Experimental condition: adsorbents dosage= 0.25 g/L, initial Cd2+=20 mg/L, pH=6.0 ± 0.2, 
305 temperature=25oC. Cd2+ adsorption isotherm curve fitted with Langmuir, Freundlich and Sips model (c). 
306 Experimental conditions: adsorbents dosage=0.25 g/L, initial Cd2+=15-600 mg/L, pH=6.0 ± 0.2, reaction 
307 time=24h, temperature=25oC.   
308 Table 1
309 Comparison of maximum Cd2+ adsorption capacities by different adsorbents.
Adsorbent qm (mg/g) Reference
g-C3N4 112.4 [9]
2D –g-C3N4 94.4 [6]
B-doped g-C3N4 159.2 [38]
Fe3O4-g-C3N4 204.5 [39]
Disulfide linked polymer networks (COP 63) 9.9 [40]
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TCB-700 (biologically modified biochar) 175.4 [41]
OCN 33.9 This work
MOS-DMF 139.4 This work
MOS/OCN-1 293.8 This work
310 3.3 Influences of pH and competing ions on Cd2+ adsorption
311 Cd2+ contaminated water is always found to exist under the acid condition with pH value 
312 ranges from 2-6 [42-45]. To further evaluate the effect of pH on Cd2+ adsorption by MOS/OCN-1, 
313 the adsorption capacity was determined separately under these conditions (Fig. 4a). The result 
314 suggested that Cd2+ adsorption by MOS/OCN-1 improved with increasing pH. In strong acid 
315 conditions, such as pH of 2 or 3, the uptake amount of Cd2+ by MOS/OCN-1 (<10 mg/g) was much 
316 lower than that at pH 6 (63 mg/g), which may be ascribed to strong electrostatic repulsion between 
317 the surface of the adsorbent and Cd2+ when large amounts of H+ were present in solution [20]. The 
318 inhibiting effect of H+ reduced under the increased pH condition, thus Cd2+ could approach easily to 
319 the surface of the adsorbent for further reaction. 
320 Ca2+ and Mg2+, as common ions in natural and wastewater, may have adverse effects on Cd2+ 
321 adsorption due to competition in occupying the active sites in adsorbents [46]. Moreover, Zn2+ has 
322 a similar hydrated ion radius (4.30 Å) to Cd2+ (4.26 Å) which may also inhibit Cd2+ adsorption [47]. 
323 Therefore, competition adsorption experiments, with different mass ratios of Ca2+, Mg2+, Zn2+ to 
324 Cd2+ (1:1, 5:1, 10:1) were performed in order to determine their effects on Cd2+ adsorption. The 
325 result in Fig. 4b illustrated that the adsorption efficiency of Cd2+ still remained 98.5% when both 
326 Ca2+ and Mg2+ concentrations were up to 100 mg/L. The presence of Zn2+ at a concentration of 100 
327 mg/L only produced a slight decreased efficiency from 99.2% to 94.6%. Thus, the three coexisting 
328 ions, Ca2+, Mg2+, and Zn2+, produced a negligible effect on Cd2+ adsorption by MOS/OCN-1. By 
329 calculating the distribution coefficient Kd (mL/g) of MOS/OCN-1 for each cation, it can be found that 
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330 the KdCd value (~105 mL/g) in the mixed solution with cation ions of 10 mg/L was 2-3 order of 
331 magnitudes higher than KdZn, KdMg , and KdCa (Table S6). Since a material with a Kd value >104 mL /g 
332 can be considered as an excellent adsorbent with high preference towards the targeted pollutant 
333 [26], this result further reflecting the high affinity and selectivity of MOS/OCN-1 for Cd2+ over Ca2+, 
334 Mg2+ and Zn2+.
335
336 Fig. 4. (a). The effect of pH on Cd2+ removal by MOS/OCN-1. Experimental condition: adsorbents dosage= 
337 0.25 g/L, initial Cd2+=20 mg/L, temperature= 25oC. (b) The effect of competing ions, i.e. Ca2+, Mg2+ and Zn2+ 
338 on Cd2+ adsorption by MOS/OCN-1. Experimental conditions: adsorbents dosage=0.25 g/L, initial Cd2+=10 
339 mg/L, pH=6.0 ± 0.2, reaction time=24 h, temperature=25oC. 
340 3.4 Mechanisms of Cd2+ adsorption on MOS/OCN
341 3.4.1 The change of structure and composition of MOS/OCN-1 
342 XRD and XPS spectra of MOS/OCN-1 were analyzed before and after Cd2+ adsorption in order 
343 to elucidate possible adsorption mechanisms. The XRD patterns (Fig. 5a) exhibited several new 
344 peaks located at 29.21°, 31.96°, 34.80°, 47.94°, 49.99°, 55.26°, 58.97°, 60.59° and 77.78°after Cd2+ 
345 adsorption and these peaks can be well assigned as CdMoO4 (JCPDS card No. 07-0209), which 
346 indicated a new precipitate CdMoO4 had formed on the surface of MOS/OCN-1. From the results of 
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347 survey spectra by XPS (Fig. S4 and Table S7), the contents of total O and Mo significantly decreased 
348 after adsorption, suggesting that Mo atoms were dissociated from the adsorbents surface, probably 
349 in the form of free molybdate ions (ie. MoO42-) [22]. Interestingly, the relative content of Mo (IV) 
350 decreased from 64.2% to 57.1% after adsorption while Mo (VI) increased from 35.8% to 42.9% (Fig. 
351 5b and Table S7), implying that Mo (IV) was oxidized to Mo (VI) during the adsorption process. 
352 Moreover, a new peak located at 163.5eV emerged in the S 2p spectra (Fig. 5c) after adsorption, 
353 suggesting the formation of CdS species [20]. However, the characteristic peaks of CdS in the XRD 
354 pattern was too weak to be found, which may be ascribed to the low content. 
355 From FTIR analysis (Fig. 5d), the intensity of Mo-OH, located at 881 cm-1[46], decreased 
356 significantly after Cd2+ adsorption, which suggested that surface oxygen probably dissociated from 
357 the adsorbent as MoO42-. A redshift in the Mo-O band, from 743 to 766 cm-1, occurred after 
358 adsorption, implying that Cd2+ interacted with Mo-O-Mo during adsorption [48, 49] and that was in 
359 accordance with the production of CdMoO4 (Fig.5a). Because of the low content of CdS, no 
360 characteristic peak of Cd-S at around 630 cm-1 [50] was found and the peak of Mo-S (500 cm-1) [51] 
361 did not change noticeably after Cd2+ loading. However, evidence from the XPS spectra suggested 
362 that Cd-S interaction also occurred during Cd2+ removal. Therefore, combining the results from XRD, 
363 XPS and FTIR analyses, it was considered that the formation of CdMoO4 precipitate as well as Cd-S 
364 interaction contributed to Cd2+ removal by MOS/OCN-1, while the former precipitation showed 
365 more obvious evidence.   
366
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367
368 Fig. 5. XRD pattern of MOS/OCN-1 before and after Cd2+ adsorption (a). XPS spectra of Mo 3d (b) and S 2p (c) 
369 before and after Cd2+ adsorption. FTIR spectra of MOS/OCN-1 before and after adsorption (d). Experimental 
370 conditions: adsorbents dosage=1 g/L, initial Cd2+=200 mg/L, pH=6.0 ± 0.2, reaction time=24 h, 
371 temperature=25oC. 
372 3.4.2 MoO42- generation and contribution
373 In order to identify the production of MoO42- and its effect on Cd2+ removal, the released 
374 MoO42- in solution was detected at the end of the adsorption experiment under different pH 
375 conditions (Fig. 6). The concentration of MoO42- in the control solution (without Cd2+ addition) was 
376 found to be higher than that in the solution with 20 mg/L Cd2+ under all pH conditions (pH 2-6), 
377 suggesting that the proportion of free MoO42- combined with Cd2+ to form precipitate. With pH 
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378 increasing from 3 to 6, the concentrations of MoO42- and total sulphur in solution gradually 
379 increased, accompanied by increasing Cd2+ adsorption efficiency (Fig. 1b). This result can be 
380 explained by two aspects. Due to the coexistence of MoS2 and MoO3 in the MOS/OCN-1 (Fig. 1 and 
381 2), the oxidation of MoS2 (Equation 4) and hydrolysis of MoO3 (Equation 5) can simultaneously 
382 generate MoO42- in the solution [22, 52]. The released MoO42- could then contribute to Cd2+ 
383 precipitation by forming CdMoO4 (Equation 6). As the release of H+ (Equation 4 and 5) would 
384 decrease the pH value during Cd2+ adsorption (supported by the fact that pH decreased from 6.0 to 
385 4.7 if without any adjustment), therefore, extra OH- was added into the solution to maintain the 
386 targeted pH level of the solution. The addition of OH- then drove the production of more MoO42- for 
387 Cd2+ removal. Additionally, the corrosion of MoS2 with the addition of OH- also produced dissolved 
388 sulfur (S2-, HS- and SO42- , etc) and the dissociated S(II) also led to the formation of CdS species 
389 (Equation 7), which caused a decrease in dissolved sulphur in Cd2+ solution (insert in Fig.6). At pH 2, 
390 the concentration of MoO42- was little higher than that at pH 3, probably because MoS2 was partly 
391 dissolved in the strongly acidic condition. Further investigation showed that more dissolved MoO42- 
392 was produced during Cd2+ removal by MOS/OCN-1 than MOS-DMF (Fig. S5). Combined with the 
393 results of FESEM imaging (Fig.S1), it can be concluded that OCN facilitated active sites exposure on 
394 the adsorbent, which further led to better contact of Mo (IV)/Mo (VI) with O2 and OH-, thus 
395 promoting the production of MoO42- and facilitating the precipitation process. 
396                   (4)2Mo(IV)𝑆2 +3𝑂2 +2𝐻2𝑂→2𝑀𝑜𝑂2 ―4 + 4𝑆𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑 +4𝐻 +
397                      (5)  𝑀𝑜(𝑉𝐼)𝑂3 ∙ 𝐻2𝑂↔𝑀𝑜𝑂2 ―4 +2𝐻 +             
398                        (6)𝑀𝑜𝑂2 ―4 + 𝐶𝑑2 + ↔𝐶𝑑𝑀𝑜𝑂4(𝑠)       
399                                (7)𝑆 (II) +𝐶𝑑2 + →𝐶𝑑𝑆       
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400
401 Fig.6. The concentration of MoO42- and dissolved total S after Cd2+ adsorption by MOS/OCN-1 under different 
402 pH conditions. Experimental conditions: adsorbents dosage=0.25 g/L, initial Cd2+=20 mg/L, reaction time=24 
403 h, temperature=25oC.
404 3.4.3 The role of Mo (IV) and Mo (VI) on Cd2+ removal 
405 To further evaluate the contributions of MoS2 oxidation (Equation 4) and MoO3 hydroxylation 
406 (Equation 5) to Cd2+ removal, a MoO3/OCN hybrid composite was prepared (Fig.S6) and the 
407 adsorption performance was compared to that of MOS/OCN-1. In Fig.7a, it may be observed that 
408 MoO3/OCN exhibited a worse adsorption performance than MOS/OCN-1 with a capacity of only 20 
409 mg/g, even though there were more Mo(VI) present in MoO3/OCN (Fig.S7). A similar poor 
410 adsorption efficiency from pure MoO3 has also been reported in a previous study [23]. It should be 
411 noted that the dissolved MoO42- from MoO3/OCN was significantly lower than that from MOS/OCN-
412 1 in both pure water and in Cd2+ solution (Fig. 7b), which indicated that production of MoO42- from 
413 MoO3 hydrolyzation still limited in acidic condition, due to the relatively low hydrolysis constant 
414 value of MoO3 (Ka=10-11.923~10-18.84) [53]. However, for MOS/OCN-1, besides intrinsic MoO3 
415 hydrolyzation, Mo(IV) oxidation in hybrid composite might also contribute greatly to produce more 
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416 MoO42-. MoO42- produced during the treatment by MOS/OCN-1 caused rapid precipitation of Cd2+ 
417 on the surface of OCN, thus giving rise to better removal efficiency.
418    
419 Fig.7. (a) Cd2+ adsorption performance by MOS/OCN-1 and MoO3/OCN. (b) Free molybdate ions in Cd2+ 
420 solution and pure water treated by MOS/OCN-1 and MoO3/OCN. Experimental conditions: adsorbents 
421 dosage = 0.25 g/L, initial Cd2+=20 mg/L, pH=6.0 ± 0.2, reaction time=12 h, temperature=25oC. 
422 It should be noted that the adsorption efficiency of MOS/OCN-1 decreased from 99.2% to 65.3% 
423 after three times recycling (Fig. S8), which may due to the loss of Mo, S active species (Fig. 6). 
424 Meanwhile, the chemical structures of MOS/OCN-1 may also be altered after several sorption-
425 desorption cycles, because the desorption process involved the use of acid substance HNO3, which 
426 could react with CdMoO4 and CdS found on the surface of the adsorbent [54, 55]. Nevertheless, 
427 considering the high-efficiency and relatively low-cost of MOS/OCN, MOS/OCN-1 might still showed 
428 a potential in in-situ Cd2+ remediation. 
429 Above all, the adsorption process of Cd2+ on hybrid adsorbents can be summarised as follows. 
430 The oxidation of MoS2 and the hydrolyzation of MoO3 on OCN played a significant role for Cd2+ 
431 removal by producing MoO42-, which in turn precipitated Cd2+. In the meantime, the dissolved S (II) 
432 from the oxidized MoS2 also interacted with Cd2+ by forming CdS species. Herein, OCN functioned 
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433 as a stable interface with large surface area to expose more active species/sites (Mo (IV)，Mo(VI) 
434 and S (II)) to interact with Cd2+, which finally induced the enhancement of Cd2+ removal. 
435 4. Conclusions
436 In this work, Mo and S were simultaneously introduced on oxygen-doped carbon nitride (OCN) 
437 through a facile one-step solvothermal process. The hybrid composite MOS/OCN-1 achieved 
438 enhanced performance for Cd2+ removal with a maximum adsorption capacity of 293.8 mg/g, 8.7 
439 times higher than that of OCN alone and superior to many other carbon-based materials. Cd2+ 
440 adsorption followed a pseudo-second order model and the fitting to an intraparticle diffusion model 
441 indicated that chemical interaction and particle diffusion process controlled the adsorption rate. 
442 Moreover, good anti-interference ability towards Cd2+ under the presence of different coexisting 
443 ions like Ca2+, Mg2+, Zn2+ was also achieved by MOS/OCN-1. OCN provided a large surface area and 
444 functioned as an interface to inhibit the agglomeration of MoS2 and MoO3 nanoparticles, which 
445 acted to expose more active sites for Cd2+ effective adsorption. Besides the well-known soft-soft Cd-
446 S interaction, the production of CdMoO4 also contributed greatly to Cd2+ removal, where the release 
447 of MoO42- was controlled both by the dissociation of intrinsic Mo(VI) and oxidization of Mo(IV). This 
448 work has highlighted a potential, effective and low-cost adsorbent suitable for in-situ Cd2+ 
449 remediation, and has suggested related mechanisms, especially the effect of Mo atoms on the 
450 adsorption process. Further studies on the general treatment capabilities of MOS/OCN for other 
451 heavy metals, or those capabilities of other layered-structure materials with Mo and S modifications, 
452 will be conducted in the future.
453
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589 Figure captions
590 Fig. 1. (a) XRD patterns of synthesized adsorbents of MOS/OCN-x, MOS-DMF, and OCN; (b) Cd2+ adsorption 
591 capacities of MOS/OCN-x, MOS-DMF and OCN. Experimental conditions: adsorbents dosage=0.25 g/L, initial 
592 Cd2+= 20 mg/L, pH=6.0, reaction time=24 h, temperature=25°C. 
593 Fig.2. XPS spectra of MOS/OCN-1: Mo 3d (a), S 2p (b) and O 1s (c). MOS-DMF: Mo 3d (d), S 2p (e) and O 1s 
594 (f).
595 Fig. 3. Cd2+ adsorption kinetics fitted with the pseudo-second order model (a) and intraparticle diffusion 
596 model (b). Experimental condition: adsorbents dosage= 0.25 g/L, initial Cd2+=20 mg/L, pH=6.0 ± 0.2, 
597 temperature=25oC. Cd2+ adsorption isotherm curve fitted with Langmuir, Freundlich and Sips model (c). 
598 Experimental conditions: adsorbents dosage=0.25 g/L, initial Cd2+=15-600 mg/L, pH=6.0 ± 0.2, reaction 
599 time=24h, temperature=25oC.    
600 Fig. 4. (a). The effect of pH on Cd2+ removal by MOS/OCN-1. Experimental condition: adsorbents dosage= 
601 0.25 g/L, initial Cd2+=20 mg/L, temperature= 25oC. (b) The effect of competing ions, i.e. Ca2+, Mg2+ and Zn2+ 
602 on Cd2+ adsorption by MOS/OCN-1. Experimental conditions: adsorbents dosage=0.25 g/L, initial Cd2+=10 
603 mg/L, pH=6.0 ± 0.2, reaction time=24 h, temperature=25oC.
604 Fig. 5. XRD pattern of MOS/OCN-1 before and after Cd2+ adsorption (a). XPS spectra of Mo 3d (b) and S 2p (c) 
605 before and after Cd2+ adsorption. FTIR spectra of MOS/OCN-1 before and after adsorption (d). Experimental 
606 conditions: adsorbents dosage=1 g/L, initial Cd2+=200 mg/L, pH=6.0 ± 0.2, reaction time=24 h, 
607 temperature=25oC
608 Fig.6. The concentration of MoO42- and dissolved total S after Cd2+ adsorption by MOS/OCN-1 under different 
609 pH conditions. Experimental conditions: adsorbents dosage=0.25 g/L, initial Cd2+=20 mg/L, reaction time=24 
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610 h, temperature=25oC.
611 Fig.7. (a) Cd2+ adsorption performance by MOS/OCN-1 and MoO3/OCN. (b) Free molybdate ions in Cd2+ 
612 solution and pure water treated by MOS/OCN-1 and MoO3/OCN. Experimental conditions: adsorbents 
613 dosage = 0.25 g/L, initial Cd2+=20 mg/L, pH=6.0 ± 0.2, reaction time=12 h, temperature=25oC
614
615
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616 Tables
617 Table 1
618 Comparison of maximum Cd2+ adsorption capacities by different adsorbents.
Adsorbent qm (mg/g) Reference
g-C3N4 112.4 [9]
2D –g-C3N4 94.4 [6]
B-doped g-C3N4 159.2 [38]
Fe3O4-g-C3N4 204.5 [39]
Disulfide linked polymer networks (COP 63) 9.9 [40]
TCB-700 (biologically modified biochar) 175.4 [41]
OCN 33.9 This work
MOS-DMF 139.4 This work
MOS/OCN-1 293.8 This work
619
620
